ABSTRACT. Although there has been extensive research on plasma amino acid profiles of mammals, there is currently a lack of information on seasonal differences in the concentrations of plasma amino acids specifically in cetaceans. The present study examined the response of the plasma amino acids to seasonal changes in the culture environment after controlling for the effect of sex and age. Significant seasonal changes in plasma carnosine (P=0.012), cystine (P=0.0014), isoleucine (P=0.0042), methionine (P=0.002), ornithine (P=0.0096), and taurine (P=0.032) were observed. These amino acids were mainly related to capacity for exercise, ammonia detoxification, thermoregulation, and osmoregulation. We proposed that optimizing plasma amino acids levels by supplementation of amino acids should be of considerable benefit for aquarium-maintained bottlenose dolphins. This study constitutes a first step towards improving our understanding of the metabolism of aquarium-maintained bottlenose dolphins. We also revealed that the ratio of tryptophan to large neutral amino acids significantly declined (P=0.0076), suggesting reduction in serotonin synthesis in winter and autumn. Although further studies are needed, this finding implied that bottlenose dolphins could produce behavioral changes seasonally by the alteration of serotonin activity. To better understand the metabolic machinery for amino acids that facilitate the adaptation of marine mammals to their environments, it is essential to continue monitoring of and further investigations into relationships between plasma amino acids and specific environmental factors. Blood biochemistry profiles are well studied in marine mammals [7, 12, 27] . Hall et al. [12] analyzed season-, age-, and sex-related fluctuations of blood biochemistry values in bottlenose dolphins, Tursiops truncatus, living in Sarasota bay, Florida. The authors concluded that age and sex were important factors in the regulation of blood biochemistry profiles in bottlenose dolphins, and significant seasonal differences were also observed, particularly in parameters related to nutritional status and/or energy production for thermoregulation.
Blood biochemistry profiles are well studied in marine mammals [7, 12, 27] . Hall et al. [12] analyzed season-, age-, and sex-related fluctuations of blood biochemistry values in bottlenose dolphins, Tursiops truncatus, living in Sarasota bay, Florida. The authors concluded that age and sex were important factors in the regulation of blood biochemistry profiles in bottlenose dolphins, and significant seasonal differences were also observed, particularly in parameters related to nutritional status and/or energy production for thermoregulation.
Seasonal differences in the concentration of plasma amino acids have been detected in terrestrial mammals [6, 13, 16] . Hibernating mammals, such as the European brown bear, Ursus arctos, for example, showed significant changes in a number of plasma amino acids in response to season, indicating a physiological adaptation during the denning period relative to the other seasons [13] . Recently, we suggested that cetaceans have different metabolic dynamics of specific amino acids compared to terrestrial mammals [18] , and therefore results from terrestrial mammals may not be directly relevant to cetaceans. The studies of plasma amino acids have provided basic metabolic and physiologic data [1, 2, 13, 19, 26] , and application of this information during clinical examination will be put into practice in the immediate future [21] . The majority of these amino acid studies, however, have been conducted on terrestrial mammals, and very little attention has been given to marine mammals [18] .
Aquarium-maintained cetaceans are typically fed protein rich meals, such as fish and squid, and their food intake in winter (Jan. to Mar.) increases relative to spring (Apr. to Jun.), summer (Jul. to Sep.), and autumn (Oct. to Dec.) to account for additional thermoregulatory demands. Large amounts of ammonia are produced during catabolism of amino acids followed by protein digestion, especially in winter. The major metabolic pathway responsible for the removal of ammonia is the synthesis of nontoxic urea [17] in the liver, which is detected as blood urea nitrogen (BUN) and is present at a high level in cetacean blood [7] . This metabolic pathway is the "urea cycle", and the related amino acids are arginine, aspartate, citrulline, glutamate, and ornithine, all of which could fluctuate with seasonal factors.
To date, there have been no studies on seasonal fluctuations in the concentrations of plasma amino acids in marine mammals, even in captivity. One of the aims of the present study was to expand our previous study [18] and clarify how these plasma amino acids would change according to seasonal factor experienced by aquarium-maintained bottlenose dolphins. It was also of interest to assay the changes in some blood biochemistry characteristics (albumin, ALT, AST, BUN, and creatinine). This information is important for understanding the nutritional components required to maintain the health of aquarium-maintained marine mammals.
MATERIALS AND METHODS
Animals and blood sampling for analysis: Eighty-six samples (21 males, 65 females) were collected from 38 bottlenose dolphins (10 males, 28 females) between Jan. 2006 and Oct. 2008 (Table 1) , in which 19 were during winter, 23 during spring, 17 during summer, and 27 during autumn. Of the samples, 56 were from adult bottlenose dolphins over 10 years of age. The bottlenose dolphins were maintained in sea pens enclosed by nets (approximately 18,000 m 2 and 3-6 m depth) at the Shimoda Floating Aquarium (Shizuoka, Japan) or in pools (approximately 1,000 m 2 and 3-5 m in depth) at the World Dolphin Resort (Wakayama, Japan), the Taiji Whale Museum (Wakayama, Japan), the YokohamaHakkeijima Sea Paradise (Kanagawa, Japan), the Enoshima Aquarium (Kanagawa, Japan), and the Adventure World (Wakayama, Japan). Mean monthly water temperature at Shimoda Floating Aquarium was from 13.5°C in winter to 23.7°C in summer during study period. Likewise, the coldest means of water temperature were observed in winter at pools and the hottest in summer (report developed by keeper). This study was approved by the Ethic Committees of Azabu University (Approval # 080618-3).
Blood samples were obtained via the dolphins' tail flukes using a plastic disposable syringe with a 21-gauge butterfly needle. Every effort was made to ensure the safety and health of the dolphins and personnel. To avoid the influence of circadian variations and changes in food intake, blood samples were collected during the same time period (0800-1100 hr) before feeding, after the dolphins had fasted overnight [14, 18, 22, 25] . Blood samples were placed in Heparin-Na and serum separation vacutainers for analysis of plasma amino acids and blood biochemistries (albumin, ALT, AST, BUN, and creatinine), respectively. Blood biochemistry analysis was completed on 55 samples (winter: n=11, spring: n=17, summer: n=15, autumn: n=12) by the Health Sciences Research Institute (Yokohama, Japan).
Plasma amino acids analysis: The heparinized blood samples were immediately centrifuged at 2,000 g for 10 min to separate the plasma. Two hundred µl of plasma were deproteinized with 400 µl of 5% TCA solution and centrifuged at 10,000 rpm for 15 min at 4°C. The supernatant was filtered through regenerated cellulose (Millipore Co., Bedford, MA, U.S.A.). The concentrations of 25 amino acids (20 proteinogenic amino acids, citrulline, 1-methylhistidine, 3-methylhistidine, ornithine, and taurine) from each sample were evaluated using the automated L-8800A Amino Acid Analyzer (Hitachi, Tokyo, Japan) [20] . Plasma carnosine was also analyzed in the same manner and these values were then grouped together with the plasma amino acid data. Consequently, we obtained the values of 26 plasma amino acids from each sample.
Statistical analysis: To investigate the relationship between seasonal variables and amino acid levels and food intake while controlling for the effect of potential confounding variables (sex and age), a series of linear mixed effects models (LME) were constructed in which individual identification was included as a random effect using the statistical package R version 2.11.1 (www.r-project.org/). The amino acid concentrations and food intake were the dependent variables and season, sex, age, and animal ID were the fixed effects. To investigate the significant relationships among seasons, P-values from the LME-associated ANOVA tables were evaluated. A P<0.05 was considered to be statistically significant for the LME-associated ANOVA. A posteriori comparison was performed using the Holm-Bonferroni multiple comparison method for the general effect of season. The overall type I error rate was set at a level of α=0.05 for the Holm-Bonferroni method. Significant differences in the ratio of tryptophan to large neutral amino acids (LNAA: isoleucine, leucine, phenylalanine, tyrosine, and valine) and blood biochemical profiles were tested using the same method as described above.
RESULTS

Seasonal variations of plasma amino acids:
Of the 26 amino acids, six (23%) exhibited significant differences among seasons in aquarium-maintained bottlenose dolphins. The highest level of carnosine was observed in autumn (vs winter; P=0.0036, spring; P<0.001, summer; P=0.012) (Fig.  1a) . The concentrations were about 25-35% higher in comparison with those of the rest of the seasons. Similarly, the level of plasma cystine was approximately 30-45% higher in autumn than in winter (P<0.001), spring (P=0.0052), and summer (P=0.0029) (Fig. 1b) . The methionine level was also significantly higher in autumn versus spring (P=0.0041) and summer (P<0.001), although there was no difference between autumn and winter levels (Fig. 1c) .
The concentration of isoleucine in winter and autumn was high and significantly fell by about 40% from winter to spring (P=0.005) (Fig. 2a) . Plasma ornithine also displayed a high level in winter and autumn, and a significant difference was observed between spring and autumn (P=0.0034) (Fig. 2b) . The highest values of isoleucine and taurine were in winter (Fig. 2a, c) . From spring to autumn, there was approximately a 20-30% reduction in the level of taurine compared to winter. A significant difference was also observed between the winter and autumn values (P=0.0036).
We also calculated the ratio of plasma tryptophan to the sum of LNAA values (Fig. 3) , which are known to compete for the same cerebral uptake mechanism. A significant annual rhythm from LME-associated ANOVA was detected for tryptophan / LNAA (F=4.51, P=0.0076). The ratio for bottlenose dolphins in spring was approximately 10-25% higher than in the rest of the seasons, and the P values were 0.0037 (vs winter) and 0.0068 (vs autumn).
Seasonal variations of blood biochemistries: The results for blood biochemistry profiles are listed in Table 2 . 
DISCUSSION
Studies of plasma amino acid profiles have revealed metabolic and physiological characteristics of terrestrial mammals [1, 2, 13, 19, 26] . Therefore, measuring the seasonal fluctuations of amino acids in cetaceans will lead to a better understanding of their seasonal physiological changes. These data may also be useful indicators for assessing cetacean health conditions in the future.
Diving mammals must cope with high rates of reactive oxygen species (ROS) generation due to alterations in apnea/ reoxygenation and ischemia-reperfusion processes [30] . The ROS are also generated by high-intensity exercise and may be a cause of muscle fatigue. Thus, it has been reported that ROS scavengers prevented relaxation of muscular tension [29] . In terrestrial mammals, it has also been suggested that interaction of the methylhistidine side chain with phosphate ions released following hydrolysis of actin-bound ATP may play an important role in preventing dispersion of phosphate [28] , which is thought to be another possible factor contributing to muscle fatigue [29] .
Carnosine can attenuate cellular oxidative stress and inhibit the intracellular formation of ROS. Therefore, carnosine and carnosine-related antioxidants have recently attracted much attention as possible therapeutic agents for humans [3, 11] . We have shown that cetacean plasma contains an increased amount of carnosine compared to terrestrial mammals [18] . Our present data also revealed that there is a seasonal difference in plasma carnosine concentrations with the highest in autumn (Fig. 1a) . Similar fluctuations were observed in the plasma concentration of cystine and methionine (Fig. 1b,  c) . Cystine is a dimeric amino acid formed by the oxidation of 2 cysteine residues which covalently link to make a disulfide bond. Methionine is metabolised into cysteine via Sadenosyl-methionine in the liver, which serves as the methyl donor in a methylation reaction [28] . The occurrence of cystine and methionine at high levels in autumn may reflect the activation of methylation reactions to form methylhistidine. The elevation of these amino acids levels indicates that bottlenose dolphins may increase physiological mechanisms for alleviating muscle fatigue in autumn. Intrinsically, a bottlenose dolphin appears to seasonally migrate to avoid the stress of cold-water temperatures and perhaps to explore favored prey [23] . The physiological changes for preventing muscle fatigue could be of large significance for seasonal immigration to avert a stressful environment. Further studies to uncover the relationships between these amino acids and exercise tolerance of dolphins may give us useful informations on their kinesiological features.
Ammonia, which is highly toxic, is formed when proteins and amino acids break down. Most of the ammonia is converted into glutamate and becomes usable for the synthesis of more amino acids and proteins. Any excess is converted into the water-soluble compound urea, which can be excreted as urine. Ammonia reacts to form carbamyl phosphate with carbon dioxide and ATP. This compound then forms citrulline by reacting with ornithine. The aspartate is carried into the urea cycle by condensing with citrulline to form argininosuccinate; this represents the rate-controlling pathway in the urea cycle of terrestrial mammals. Argininosuccinate is then cleaved to form fumarate and arginine. Finally, arginine is hydrolyzed to ornithine and urea [17] . Seasonal effects were observed in ornithine (Fig. 2b ) and BUN levels (Table 2) , although the concentrations of other urea cycle-related amino acids, ALT, and AST were constant throughout the season. These results suggest that the formation of citrulline from ornithine is the rate-controlling pathway in the urea cycle of bottlenose dolphins, and the urea cycle in a bottlenose dolphin is activated in autumn and winter for detoxification of ammonia within the normal range of hepatic function. Such * The bottlenose dolphins were maintained in sea pens enclosed by nets (approximately 18,000 m 2 and 3-6 m depth) at the Shimoda Floating Aquarium, or in pools (approximately 1,000 m 2 and 3-5 m in depth) at the other facilities. ** I; Immature (under 10 years), M; Mature (over 10 years). † M; Male, F; Female. † † Winter; January-March, Spring; April-June, Summer; July-September, Autumn; October-December. Numbers within parentheses are sample numbers. a metabolic divergence between bottlenose dolphins and terrestrial mammals, and their response to season, could be attributed to a difference in feeding habit and living environment. When any hepatic dysfunction occurs with a change of ornithine value, it might be effective to use ornithine supplementation for aquarium-maintained dolphins. In this study, the highest level of plasma isoleucine was observed in winter (Fig. 2a) , when the water temperature was the coldest. Increasing plasma concentrations of isoleucine by supplementation leads to enhanced muscle glucose uptake, and subsequently, increased energy production in muscle [8] . An increasing level of albumin was also found in winter compared to the other seasons, but the sum of total proteinogenic amino acids was constant throughout the year. It is thus highly possible that an elevation of systemic protein synthesis occurs in winter. Skeletal muscle is of considerable importance in the maintenance of body temperature, and stimulation of muscle protein synthesis results in elevated basal metabolism and, subsequently, improves regulation of body temperature. In addition to enhancement of glucose uptake by increased plasma isoleucine concentration, increased protein synthesis could be beneficial for bottlenose dolphins transitioning to a cold environment.
The activity of taurine uptake by various tissues, such as liver and muscle, was reported when the concentration of taurine was elevated in blood of rats [24] . In the present study, the highest taurine level was observed in winter (Fig.  2c) , and it is possible that the uptake of taurine into tissues of bottlenose dolphins was activated in winter. Taurine is a nontoxic substance and osmolyte for cells, which can regulate internal amino acid levels to avoid any damage if faced with a change in osmolarity [32] . Bingham et al. [5] indicated a seasonal variability of marine salinity around Japan with a large amplitude in winter. Thus, bottlenose dolphins could endure an immediate change in osmolarity and the high density of osmolarity that occurs during winter. This suggests that the seasonal fluctuation of plasma taurine could play an osmolytic role to facilitate body water conservation in the hyperosmotic sea water environment.
There was a significant decline in the ratio of plasma tryptophan to the sum of LNAA values, which is an indicator of the availability of tryptophan to the brain, and consequently for serotonin synthesis in winter and autumn [9, 16] . The present data parallel research in human medicine that detected a decreased serotonin turnover in winter and autumn [15] . There is some evidence that dysfunctional serotonin activity in healthy human volunteers is related to depression, suicide, violent suicide, or impulsivity [16] . Although there was no behavioral data, the performance of aquarium-maintained bottlenose dolphins had appeared to remain unchanged during study periods (report developed by keeper). Once the ratio is below a certain threshold value, the dolphins could exhibit behavioral changes as illustrated in human study [16] . The normal range of tryptophan/LNAA and the influence of their fluctuation on dolphins' behavior deserve further study.
Our study quantified the seasonal fluctuations of amino acids levels in plasma of aquarium-maintained bottlenose dolphins after controlling for the effect of sex and age. Protocols such as blood investigation and administration of nutritious supplements are routinely used in the care of aquarium-maintained marine mammals to keep them healthy. We propose the introduction of plasma amino acid analysis into current health management techniques. As our understanding of plasma amino acid profiles in bottlenose dolphins expands, optimization of plasma amino acid levels through supplementation could be used therapeutically to benefit aquarium-maintained bottlenose dolphins, as shown in studies of terrestrial mammals [4, 10, 31] .
In conclusion, the present study detected seasonal effects on the concentrations of plasma amino acids in aquariummaintained bottlenose dolphins after controlling for the effect of sex and age. The amino acids, in which seasonal differences were seen, were particularly related to capacity for exercise, ammonia detoxification, thermoregulation, and osmoregulation. We also revealed that the ratio of tryptophan to LNAA changed throughout the year. Future studies are needed to examine whether the seasonal changes in serotonin cause dolphins to exhibit behavioral changes. To better understand the metabolic machinery for amino acids that facilitate the adaptation of marine mammals to their environments, it is essential to continue monitoring of, and further investigations into, relationships between plasma amino acids and specific environmental factors, such as nutritional status and disease.
